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Abstract Time history analyses of structures typically require some accelerograms of strong ground
motion expected at the site. They should be scaled, avoiding the average response spectrum, to fall below
the target design spectrum given by the employed seismic-code procedure within a given period range. In
this paper, a harmony search, as a recently developed meta-heuristic, is utilized and adapted to solve
the problem of the optimal selection and scaling of such recorded accelerograms. Treating a number
of ground motion records, close agreement between the scaled-average spectra and the design target
were achieved, identifying the proposed algorithm as an acceptable and efficient technique to generate a
spectrum compatible set of records for further dynamic structural analyses.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Seismic loading of structures in the relevent design codes
is determined in terms of smoothed spectra to be applied to
various sites of construction. Assuming the linearity of the
structure, maximum values of its responses can be identified
by spectral analysis. Meanwhile, the design codes require
either a linear or a nonlinear time history dynamic analysis
of irregular buildings and important structures, such as power
plants, dams and tall buildings, in seismic design procedures.
For such step-by-step analyses, proper accelerograms of strong
ground motion are required. On the other hand, the code-
specific seismic hazard at the site of construction is determined
in terms of the design spectrum. It is very necessary that the
employed accelerograms for timehistory analyses be consistent
with the design target spectrum [1].
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or scaling of accelerograms in earthquake engineering analysis
and evaluation problems [2]. Depending on the use of either
real or artificial records, these methods are classified into two
main groups. Using real and artificial strong ground motion
is permitted in many seismic design codes [3]. However,
the selected accelerograms should be similar to the expected
motion at the site of the structure in terms of magnitude,
source to site distance, geology, tectonics and seismic source
mechanisms. Besides, the consistency criterion, with the
prescribed design spectrum, should be satisfied for this motion.
Imposing few constraints on the temporal characteristics of
motion is the most important problem in artificial record
simulation. It gives accelerograms an unrealistic number of
cycles and excessive energy content [4]. This article concerns
the other group in which real accelerograms are employed
aiming at a similarity between the selected accelerograms and
site-specific seismic characteristics.
Two different approaches can be distinguished in literature
for satisfying the consistency criterion with the target design
spectrum in the second group. The first is the modification
of real accelerograms using the time domain, the frequency
domain or the time–frequency domain adjustments offered for
spectral matching by Hancock et al. [4], Rizzo et al. [5] and
Suarez andMontejo [6], respectively. Meanwhile the frequency
content and temporal variation of the real accelerogram
may be perturbed, while the only constraint exerted on the
problem is to match the response with the design spectrum.
Resulting accelerograms may differ considerably from initial
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content, strong motion duration and frequency content. The
code-specific design spectrum is based on an envelope of
spectral response values out of potential motions from various
seismicity scenarios or seismic sources, with significantly
different characteristics [7].
In the second approach, no adjustment is done in the fre-
quency content or temporal variations of real accelerograms.
This issue aims to identify an appropriate set of real accelero-
gramswhosemean spectrum is compatible with the design tar-
get. Hence, it is free from perturbation in frequency or temporal
properties of the selected accelerograms. However, a database
with appropriate size and diverse events will be a requirement
fromwhich one canhave various choices of record selection los-
ing neither the condition of the seismic scenario of the site nor
its consistencywith the design spectrum. The issue has recently
received interest from a number of investigators.
Naeim et al. [8] sought out and scaled real accelerograms to
have close agreement in their average response spectrum with
the design spectrum, via an optimization problem solved by a
genetic algorithm. Alimoradi et al. [9] advanced such research
by the fuzzy pattern classification of available accelerograms,
based on their time and frequency domain characteristics
representing site properties such as soil, geology, tectonic
conditions and so on. They optimized the scaling problem with
fewer but more appropriate accelerograms. Various versions of
standard and improved particle swarm optimization are also
adopted to the scaling problem, dealing with the continuous
search space of scale factors [10,11].
The Harmony Search (HS) is a recently developed, efficient
meta-heuristic algorithm. In the present work, HS is utilized
and implemented for seismic record selection and the scaling
problem in accordance with the design target. An accelerogram
set is taken from the database, consistent with the seismic
scenario of the site, and the corresponding scale factors are
optimized. Results demonstrate the effectiveness of the HS
algorithm in the current issue of the selection and spectral
scaling of real accelerograms.
2. Harmony search algorithm
Meta-heuristic algorithms, as a group of optimization
algorithms, mimic some natural phenomena to search the
optimal solution of a problem in practical time. Among which,
the harmony search imitates musical process of searching for a
perfect state of harmony by musicians [12]. A harmony search
for the optimal solution of an engineering problem is inspired
by the process a musician uses to seek the best harmony
wherein the harmony of music is taken to be analogous to the
fitness or objective function of a solution vector containing the
design variables.
The aesthetic quality of music is governed by pitches of
musical instruments analogous to design variable values in
the optimization. The musician sounds each instrument by
a pitch in its possible range, and sets the pitches of all
instruments to form a harmony vector. This process is repeated
for a number of times, so that a set of harmony vectors is
generated and saved in the musician’s memory, which is called
Harmony Memory (HM) in optimization methodology. Then,
if all songs in the harmony vector have good pitches, they
remain in the musician’s memory to increase the chances of
improvising a better consequent harmonyvector. In subsequent
improvisation of an instrument, one may play at: (a) a pitch
among the current musician’s memory, (b) an adjacent valueto the pitch stored in the musician’s memory, or (c) a possible
pitch value from all possible pitches of the instrument, which
are not limited to those stored in the musician’s memory.
Similarly, to form a new solution vector in the optimization
process, one of the following three values is chosen and
assigned to each design variable:
(1) A value among those stored in the current harmony
memory for the corresponding variable location.
(2) A neighboring value to the current stored value.
(3) A random value in the corresponding allowable range of
variation for that variable.
These three rules aremainly governed by twoparameters called
harmonymemory consideration rate and pitch adjustment rate.
The HS algorithm can thus be stated in five simple steps:
Step 1. Formulating the optimization problem and determining
the algorithm parameter values: The optimization problem can
be written in mathematical form as:
Minimize f (x) subject to xi ∈ Xi, i = 1, 2, . . . ,N, (1)
where f (x) is the objective function; x is the solution vector
{x1, x2, . . . , xN}, whose members are the xi values; Xi is the set
or range of all possible values for the ith variable; and N is the
number of variables. The HS control parameters include Har-
mony Memory Size (HMS) denoting the number of solution
vectors in the harmony memory, Harmony Memory Consider-
ation Rate (HMCR), Pitch Adjustment Rate (PAR) and Pitch Ad-
justment Bandwidth (BW), which represents neighboring value
ranges in the pitch adjustment process and the termination cri-
terion or maximum Number of Improvisations (NI). HMCR and
PAR are essential probability values selected in the range [0, 1].
Step 2. Initializing harmony memory: Harmony memory is
generally initiated by random values for each design variable
within its possible range in order to complete the corresponding
solution vector.When all vectors of theHarmonyMemory (HM)
are initiated, they are sorted in terms of their corresponding
objective function values as:
HM =

x1
x2
...
xHMS
 =

x11 x
1
2 · · · x1N
x21 x
2
2 · · · x2N
...
...
...
...
xHMS1 x
HMS
2 · · · xHMSN
 . (2)
Step 3. Improvising a new solution vector: In this step, a
new solution vector

x′1, x
′
2, . . . , x
′
N

is improvised based on
triple laws of HS involving harmony memory consideration,
pitch adjustment and random selection. For instance, x′1 may
be chosen with the probability HMCR from values stored for
variable x1 in the current harmony memory

x11, x
2
1, . . . , x
HMS
1

,
or otherwise from all possible values for this variable, X1. This
procedure can be shown as follows:
x′i ←

x′i ∈

x1i , x
2
i , . . . , x
HMS
i

with probability HMCR
x′i ∈ Xi with probability (1− HMCR) .
(3)
It should be noted that HMCR is not usually taken 1 to enable
random exploration out of the current harmony memory. After
this process, the variables recently chosen from the harmony
memory are considered for further value perturbation or pitch
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otherwise. The process is represented as follows:
pitch adjusting decision for x′i
←

Yes with probability PAR
No with probability (1− PAR) . (4)
If the pitch adjusting decision for any variable x′i is ‘‘Yes’’, its new
value will be obtained as:
x′i ← x′i + BW× (2× rand− 1) (5)
where rand is a random number generator with uniform
distribution in range [0, 1]. Thus, BW × (2× rand− 1) will
be a random number with uniform distribution in range
[−BW, BW]. Parameters HMCR and PAR in HS govern the
global and local optimization features of the algorithm,
respectively. This newly generated solution vector, X ′, is called
the newcomer.
Step 4. Updating harmony memory: When the objective
function of the newcomer vector is better (less), than the one
with the greatest objective function in the current harmony
memory substitute the latter with the former. This way, the
newcomer will improve the average objective function of the
updated harmony memory.
Step 5. Satisfying termination criterion: Steps 3 and 4 are
repeated until a termination criterion, as the prescribed
maximum number of search iterations, is reached. Eventually,
the best vector of the harmony memory will be announced asthe best solution. A flowchart of the proposed harmony search
algorithm is depicted in Figure 1.
3. Accelerograms scaling
Almost all seismic design codes require that the selected
accelerograms for time history analyses should be scaled to be
compatible, on average, with the target design spectrum in a
prescribed period range [8]. According to the Iranian standard
no. 2800-05 [13], the scaling procedure includes these steps:
(a) Normalize each accelerogram so that its PGA corresponds
to 1 g.
(b) Determine the response spectrum of every normalized
accelerogram assuming a damping ratio of 5%.
(c) For each pair of two horizontal components for an
earthquake, generate the response spectra and combine
them, computing their Square Root of Sum of Squares
(SRSS).
(d) Ensemble average the SRSS spectra of the selected earth-
quakes and scale this average spectrum so that it does not
fall below 1.4 times the standard design spectrum within
the period range [0.2T , 1.5T ], whereas T denotes the fun-
damental period of the structure.
(e) For every such normalized earthquake, multiply its time
history record by the proposed scaling factor obtained in
the previous step and also by the final code-specific peak
ground acceleration.
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for consequent seismic analyses. According to standard-2800
provisions, at least 3 pairs of records (including two horizontal
and orthogonal components for each earthquake) should be
selected in the seismic design procedure. The maximum value
of structural responses is considered in the seismic design if
the number of records is less than 7, otherwise the average
response will be taken into account.
The aforementioned procedure offers similar scale factors
for all records of the selected set and may not necessarily
result in a highly compatible average response with the
target spectrum. Achieving this purpose should be pursued
via optimizing scale factors of combination [8,11]. The scaling
procedure is, thus, formulated in the form of an optimization
problem [8]. It is implemented hereafter for optimal selection
and scaling the real accelerograms using HS. To this end,
a database of 164 pairs of horizontal earthquake records,
with moment magnitudes of 6–8.5 and epicenteral distances
between 10 and 70 km, are primilary extracted from the PEER
NGA Database [14]. Mean shear wave velocities, among the top
30 m depth layers of soil for accelerogram record stations, are
chosen between 175 and 375 m/s (corresponding to soil type
III in the standard-2800 [13]). The proposed algorithm searches
both the optimal set of records from this database and the
corresponding optimal scale factors for the selected set. The
target spectrum is taken, as proposed by standard-2800 [13] for
soil type III, in a very high seismicity region, and given as:
SAdesign(T ) = ABIR (6)
where A, B, I and R are the design base acceleration ratio, the
spectral amplification factor, the building importance factor
and its behavior factor, respectively. As the optimization results
of the current study are not affected by variations in A, I and
R, they are taken as unity. The target spectrum is depicted in
Figure 2. The fundamental period of the structure is assumed to
be 1.26 s, thus the consequent response spectrum compatibility
is to be maximized in the period range of 0.256–1.89 s. The
SRSS of spectral acceleration for the two normalized horizontal
components of any ith record at each period, Tj, is calculated
as:
SAi(Tj) =

SAxi(Tj)
PGAxi
2
+

SAyi(Tj)
PGAyi
2
j = 1, 2, . . . , n (7)
where SAxi(Tj) and SAyi(Tj) are the spectral acceleration of
the two horizontal non-normalized components of the ith
record at period Tj. PGAxi and PGAyi denote the peak ground
acceleration of the corresponding components and n is the
number of discrete periods used for computation within
the spectral compatibility period range. The scaled-average
response spectrum over N selected accelerograms by scale
factors, αi, is determined as:
SAscaled-mean(Tj) =
N
i=1
αi × SAi(Tj)
N
i=1
αi
j = 1, 2, . . . , n (8)
αi values constitue the row scale factors to be optimized. In
order to ensure that the scaled-average spectrum of the records
does not fall below the target in the prescribed period range,
every such individual scale factor, αi, is multiplied by β , givenFigure 2: Target design spectrum for the soil type III and very high seismicity
region in the Iranian Standard-2800.
in Eq. (9). The target spectrum is defined as 1.4 times the design
spectrum [13].
β = max

SAtarget(Tj)
SAscaled-mean(Tj)

j = 1, 2, . . . , n (9)
SAtarget(Tj) = 1.4× SAdesign(Tj). (10)
To assess the measure of coincidence between the scaled-
average and the target spectra, the following error function is
defined as the objective of the current minimization problem:
fError(X) =
1
n
n
j=1

β × SAmean(Tj)− SAtarget(Tj)
SAtarget(Tj)
2
× 100.
(11)
Design variables in the optimization problem are both
the accelerogram ID numbers and the corresponding scale
factors, αi. After the selection of records and corresponding
scale factors by HS, the algorithm is used once more to
further optimize the scale factors of the selected records
at previous stages, for more refinement in this continuous
search space. For the sake of conciseness, the initial and
subsequent optimization stages are hereafter called ‘‘single
optimization’’ and ‘‘double optimization’’, respectively. Hence,
at the double optimization stage, the only design variables are
the scale factors corresponding to the records selected at the
single optimization stage. It can be assumed that scale factors
obtained at the single optimization stage for selected records
are about optimal ones, and so, the value for the harmony
memory at the double optimization stage is re-initiated as:
α′i = αi,sng-op + (2× rand− 1)× BWdb-op, (12)
where αi,sng-op is the scale factor obtained for the ith record
at the single optimization stage, α′i is the new random scale
factor for the ith record at the double optimization stage and
BWdb-op denotes the allowable variation band for the scale
factors. Consequently, the values of α′i will be chosen from the
range

αi,sng-op − BWdb-op, αi,sng-op + BWdb-op

.
4. Illustrative example
In order to evaluate the effectiveness of the proposed
method to solve the problem of selecting and scaling real
accelerograms, three different strategies are considered. In
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Manual selection HS-based selection and scaling
Record name Code scale factor HS-based scale factor Record name Scale factor
LOMA PRIETA, GILROY 2.336 2.049 SANTA CRUZ MTNS 1.363
NORTHRIDGE, LA—HOLLYWOOD 2.336 1.078 IMPERIAL VALLEY 1.156
LOMA PRIETA, SUNNYVALE 2.336 4.053 VICTORIA 1.437
LOMA PRIETA, HOLLISTER DIFF 2.336 1.208 LANDERS 1.553
IMPERIAL VALLEY 2.336 4.162 COALINGA 1.611
PALM SPRINGS 2.336 1.134 SUPERSTITION HILLS 2.470
NORTHRIDGE, COMPTON 2.336 1.259 CHI-CHI, CHY092 1.959
Error (%) 50.92 34.50 Error (%) 5.17Figure 3: Scaled-average response spectra obtained in the manual and HS-
based selection and scaling of the earthquake records.
the first, manually (randomly) selected records from the
database are scaled as in the Iranian standard-2800 [13]. In
the second strategy, records selected in the first approach
are exposed to further optimization of scaling factors. This
way, the effectiveness of the proposed optimization by the
harmony search is declared. The third approach involves
simultaneous selection and scaling of records by HS. Figure 3
compares the scaled-average spectrum obtained by each of the
three aforementioned strategies against the target spectrum
in the same range of spectral-matching periods. As declared
in Figure 3, the average response spectrum obtained in the
first approach, especially in medium range periods, has a weak
coincidencewith the target, leading to a spectralmatching error
of 50.92% (Table 1). The scaled-average spectrum obtained in
the second strategy has, relatively, better agreement with the
target, with error decreased to 34.5%. In the third strategy,
the effectiveness of the algorithm poses significantly with the
corresponding error of 5.17% (Table 1). Record scale factors
in each strategy are presented in Table 1. These scale factors
are the product of αi values by factor β , as defined in Eq. (9).
Response spectra of individual records selected by theHS-based
selecting and scaling approach are represented in Figure 4,
along with the scaled-average and target spectra.
For simultaneous selection and scaling of records, the
control parameters (HMS, NI andHMCR) are assumed to be 600,
4000 and 0.85, respectively. PAR is taken as 0 for selection and
0.2 for scaling the records. A bandwidth, BW, of 0.3 is used for
pitch adjustment. The number of records, N , is set to 7. The
scale factors are also bounded in the interval 0.5–2, as in related
literature [8]. The value of BWdb-op in the current study is taken
as 0.5. Harmony search control parameters for the scale factor
optimization stage, HMS, HMCR, PAR, BW and NI are taken as
40, 0.9, 0.2, 0.2 and 2000, respectively.Figure 4: Response spectra of individual accelerograms selected in HS-based
selection and scaling approach.
Figure 5: Sample convergence curve in successive iterations of the single
optimization.
In the present study, the total number of possible choices for
selecting 7 earthquakes from the available database, including
164 pairs of records, is more than 5 × 1011, and will be
significantly more when the scale factor variations are also
taken into account. Figure 5 shows the sample convergence
curve of the objective function values obtained by the proposed
algorithm.
The scale factors of the selected records in the first stage
are refined in the double optimization stage to further improve
the compatibility of the scaled-average spectrum with the
target. Such average spectra for the single and double stage
optimizations are compared in Figure 6. The corresponding
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optimization stages.
Table 2: Scale factors and error values in single and double optimization
stages.
Record name Scale factor
Single
optimization
Double
optimization
SANTA CRUZ MTNS 1.231 1.363
IMPERIAL VALLEY 1.033 1.156
VICTORIA 2.486 1.437
LANDERS 2.097 1.553
COALINGA 1.368 1.611
SUPERSTITION HILLS 2.250 2.470
CHI-CHI, CHY092 1.904 1.959
Error (%) 7.01 5.17
obtained scale factors and error values are also given in Table 2.
As can be realized, in the entire matching period range, the
scaled-average spectrum of double optimization is closer to
the target, with respect to the single optimization averaged
spectrum. As a result of such comparison, it is declared that the
double optimization stage on the problem has been effective in
further reducing compatibility error.
5. Summary and conclusion
Step-by-step dynamic linear or non-linear analyses are
required for the response evaluation of many engineering
structures, such as power plants, dams and tall buildings. In
order to reduce the case dependency of the final analysis on
any distinct employed earthquake record, a spectral scaling
procedure is offered and accepted in the seismic design codes.
Despite the common practice of using uniform scales, they
are searched via optimization in this article. First, the record
numbers are chosen as design variables. Once they are fixed
by the algorithm, further optimizing the corresponding scale
factors are also formulated as the 2nd stage. However, the true
optimal scaled set can only be searched via the 3rd proposed
strategy, that is simultaneous optimal record selection and
scaling with an extended vector of design variables.
The recently introduced harmony search, among meta-
heuristic algorithms, is then utilized for any of the aforemen-
tioned optimization strategies in the present work, because HS
is suitable for continuous search spaces as well as being ca-
pable of dealing with discrete variables. Consequently, HS isemployed to match the scaled-average response with the tar-
get spectrum, with the constraint of not falling lower than the
target in a prescribed matching period range. As a result, not
only are the code-specific design criteria taken into account,
but also undesired fluctuation from the target is avoided, de-
spite manual practice. The matter has further been confirmed
by evaluating three optimization strategies on the illustrative
example, where the manual random selection resulted in the
nearest matching error of about 51%. Meanwhile, applying op-
timization just on scale factors reduced such an error to 34%.
Minimal error resulted from simultaneous optimization of se-
lecting and scaling accelerograms to match the design target.
The achievements confirm the effectiveness of such a double
optimization approach for the treated problem.
In order to increase computational efficiency, a search
refinement is also utilized in this study, so that the selected
records are fixed, while their scaling factors were further
optimized by the proposed algorithm. As a result, maximal
spectralmatching, withminimal error of 5%, occurred, i.e. about
10 times better than the common practice of the design code.
Hence, applying the present technique to the time history
analysis of structures is recommended, as not only can it
increase the reliability of the structural responses, but also
results in considerable seismic demand reduction via the
proposed optimization algorithm.
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